Mid-infrared laser lines observed in hydrogen/rare gas discharges are assigned to three-body recombination processes involving an electron, a rare gas (He or Ne) atom, and the triatomic hydrogen ion (H 3 + ). Calculations of radiative transitions between neutral H 3 Rydberg states support this interpretation, and link it to recent results for hydrogenic/rare gas afterglow plasmas. A mechanism for the population inversion is proposed, and the potential generality and astrophysical implications of such molecular recombination laser systems are briefly discussed.
I. INTRODUCTION
IR cavity ringdown absorption spectroscopy measurements 1, 2 tively (with lifetime proportional to n 3 ) or by predissociation.
48
These states could also autoionize, as an alternative decay 49 mechanism, but this is comparatively unlikely for polyatomic species and will be neglected in the present exploratory anal-51 ysis. Higher Rydberg states and ionization potentials of H 3 52 were later investigated and characterized.
15, 16

53
A crucial property of H 3 that has received extensive 54 attention is its role as an intermediate in the dissociative 55 recombination (DR) process, H 3 + + e − → H 2 + H or 56 H + H + H. The large discrepancy between DR rates de-57 termined by experiment and theory has been resolved only re-58 cently through a combination of improved experimental tech-59 niques and theoretical advances incorporating the nonadia-60 batic Jahn-Teller effect (JTE) into the description. [16] [17] [18] [19] The 61 JTE, which also plays an important role in the photofrag-62 mentation process, 19 , 20 is a non-Born-Oppenheimer effect 63 that engenders strong coupling between the electronic, vibra-64 tional, and rotational degrees of freedom. Hence, H 3 is also 65 an important prototype for testing modern theoretical meth-66 ods describing the complex dynamics of polyatomic Ryd-67 berg systems, as it is the simplest such molecule. The stud-68 ies described here provide a novel way to probe H 3 and 69 other such Rydberg molecules and their associated dynam-70 ics, and may thus comprise a useful advance in molecular 71 physics.
72
In this paper, we describe our exploratory studies of 73 these radiative processes involving metastable H 3 molecules 74 generated via recombination of H 3 + with electrons in a super-75 sonically expanding plasma. 4, 10 While atomic masers, partic-76 ularly H-atom masers, generated by electron-ion recombina-77 tion, are well known and comprise important probes of stellar 78 and interstellar environments, 21 molecular analogues of these 79 IR recombination-pumped lasers have apparently not been re-80 ported before our work. 
II. EXPERIMENT
82
The Berkeley spectrometer used to produce and mea-83 sure IR laser transitions generated in supersonic plasmas is 84 sketched in Fig. 2 118 closed, indicating that the lasing species was indeed gener-119 ated from the cylinder gas. Third, in case the cylinder was 120 itself contaminated with traces of condensibles, the gas was 121 flowed through a long (∼8 ft) liquid nitrogen trap. No dif-122 ference was observed in the lasing intensity with or without 123 the liquid N 2 trap, indicating that the lasing species originates 124 from species produced from pure H 2 and He or Ne.
125
The IR monochromator was manually scanned and the 126 grating position, as well as the intensity, was recorded man-127 ually for all emission lines. Once a laser line was found, 128 the piezo voltage was adjusted to modulate the cavity length 129 and the signal maximum across the entire piezo range was 130 recorded. The maximum signal was observed multiple times 131 across the piezo range, which indicated that the cavity length 132 modulation exceeded the emission wavelength. Some laser 133 lines were more sensitive to cavity length than others, and a 134 difference in piezo voltage of ∼10% of the maximum value 135 was sufficient to totally extinguish the most sensitive laser 136 lines. Many laser lines were therefore missed on each scan 137 of the monochromator, so many scans were done at many 138 different piezo voltages to ensure that most laser transitions 139 were detected. Cavity drift over the time required to scan the 140 monochromator hindered reproducible observation of laser 141 transitions. As a result, the list of laser lines measured in these 142 preliminary experiments is certainly incomplete. In addition, 143 the intensity of the laser lines varied between measurements 144 and was extremely dependent on the piezo voltage, discharge 145 voltage, cavity mirror alignment, and gas composition. There-146 fore, the relative intensities of the lines should not be consid-147 ered quantitative.
148
A stick spectrum of the measured lines is given in 149 high density of laser lines observed in that region (Fig. 4) . are not equilibrated. For 10 12 < [H 2 ] < 5 × 10 13 cm −3 , the 225 rate is independent of H 2 density and the ion is in thermal 226 equilibrium. For [H 2 ] > 10 13 cm −3 , it again increases with 227 increasing hydrogen density due to the conversion of H 3 + to 228 the H 5 + complex, 23 which recombines very rapidly, but which 229 apparently does not produce observable laser action in our ex-230 periments. Analysis of these data indicated that three-body re-231 combination processes dominated over two-body processes at 232 pressures of a few Torr (10 16 -10 17 cm −3 ) and temperatures 233 near 300 K, and that this ternary rate maximizes at tempera-234 tures of 130-170 K. Hence, we can reasonably conclude that 235 the three-body recombination processes also dominate the ion 236 loss in our recombination-limited supersonic plasmas. Glosik 237 et al. 10, 23 show that such processes are ca. 100 times faster 238 than that previously described by Bates and Khare, 28 and they 239 present a theoretical model for them. In this model, the reso-240 nant H 3 + + e − complex (i.e., the highly excited (n ≈ 40-60) 241 H 3 Rydberg molecule), which efficiently decays back into the 242 ion and electron via rotational autoionization, collides with a 243 He atom during its lifetime, changing the l-state of the com-244 plex to higher, longer-lived values. In particular, the l = 1(p) 245 electronic states are strongly coupled to the ion core and au-246 toionize rapidly, whereas l ≥ 2(d) states are much more long-247 lived. These l-changing collisions of the H 3 molecule thus 248 produce the population inversion required for the laser action 249 observed in our experiments. In principle, any radiative process involving hydrogen 271 may well be relevant to astrophysics. In the present case, the 272 ostensible requirement of gas densities above 10 14 cm −3 may 273 seem to preclude the relevance of the reported H 3 inversion 274 mechanism to astrophysical environments, particularly to in-275 terstellar molecular clouds. However, it is possible that such 276 stimulated emission could occur in warm regions of high den-277 sity, e.g., star forming regions, or perhaps even in primordial 278 (Population III) stars and in the first galaxies, wherein the 279 requisite radiative cooling of the accreting hydrogen/helium 280 gas is thought to be extremely inefficient due to the absence 281 of heavy elements (C,O) which are responsible for the rapid 282 cooling obtaining in secondary star formation. 29 
